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Rate coefficients k(T) for dissociative electron attachment (DEA) to molecules in many cases exhibit a more or less strong rise with increasing temperature T (the electron temperature Te and the
molecular temperature TG are assumed to be in thermal equilibrium, i.e., T = Te = TG ). This rise
is frequently modeled by the Arrhenius equation k(T) = kA exp[−Ea /(kB T)], and an activation energy Ea is deduced from fits to the experimental data k(T). This behavior reflects the presence of
an energy barrier for the anion on its path to the dissociated products. In a recent paper [J. Kopyra,
J. Wnorowska, M. Foryś, and I. Szamrej, Int. J. Mass Spectrom. 268, 60 (2007)] it was suggested
that the size of the rate coefficients for DEA reactions at room temperature exhibits an exponential
dependence on the activation energy, i.e., k(Ea ; T ≈ 300 K) = k1 exp[−Ea /E0 ]. More recent experimental data for molecules with high barriers [T. M. Miller, J. F. Friedman, L. C. Schaffer, and A.
A. Viggiano, J. Chem. Phys. 131, 084302 (2009)] are compatible with such a correlation. We investigate the validity and the possible origin of this dependence by analyzing the results of R-matrix
calculations for temperature-dependent rate coefficients of exothermic DEA processes with intermediate barrier toward dissociation. These include results for model systems with systematically varied
barrier height as well as results of molecule-specific calculations for CH3 Cl, CH3 Br, CF3 Cl, and
CH2 Cl2 (activation energies above 0.2 eV) involving appropriate molecular parameters. A comparison of the experimental and theoretical results for the considered class of molecules (halogenated
alkanes) supports the idea that the exponential dependence of k(T = 300 K) on the activation energy
reflects a general phenomenon associated with Franck–Condon factors for getting from the initial
neutral vibrational levels to the dissociating final anion state in a direct DEA process. Cases are
discussed for which the proposed relation does not apply. © 2011 American Institute of Physics.
[doi:10.1063/1.3548874]
I. INTRODUCTION

In a recent paper,1 the validity of the Arrhenius equation
(Ea = activation energy)


−E a
k(T ) = kA exp
(1)
kB T
for describing the temperature dependence of thermal rate coefficients k(T) for dissociative electron attachment (DEA) reactions
e− (E) + X Y → X + Y −

(2)

has been theoretically investigated. For the case of exothermic DEA with intermediate barrier toward dissociation—the
main topic of the present paper—it was shown that Eq. (1)
holds only over a finite intermediate range of temperatures.
At very low temperatures, an essentially constant value k0
≡ k(T → 0) is reached (it is assumed throughout this paper
that the electron temperature Te and the molecular gas temperature TG are in thermal equilibrium, i.e., T = Te = TG ); this
a) Author to whom correspondence should be addressed. Electronic mail:

hotop@physik.uni-kl.de.
0021-9606/2011/134(6)/064303/7/$30.00

(molecule-specific) constant k0 represents the value for the
DEA rate coefficient involving molecules in the vibrational
ground state at near-zero electron energy. Toward higher temperatures a more or less strong rise of the rate coefficient with
Arrhenius-type behavior, Eq. (1), is observed, and at very high
temperatures the calculated rate coefficients tend to saturate.
As one experimental example for such a behavior is shown in
Fig. 1, the case XY = CF3 Br. Experimental data from several
swarm experiments (for details, see the discussion in Ref. 2)
are summarized. In the covered temperature range, the data
are well described by a fit (full curve) which is based on the
expression:


−E a
,
(3)
k(T ) = k0 + kA exp
kB T
where the fitted parameters are Ea = 67(3) meV, k0 = 1.3(2)
× 10−10 cm3 s−1 , and kA = 1.95(20) × 10−7 cm3 s−1 (the
number in parentheses represents the uncertainty in the final
digits). Note that k0  kA , and this is expected in general if
the activation energy is substantial (i.e., kB T  Ea with T near
room temperature). The essential behavior shown in Fig. 1
was recovered in model R-matrix calculations (broken curve
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FIG. 1. Temperature dependence of the rate coefficients k(T) for DEA
to CF3 Br. (Symbols) Data from different swarm experiments (see
Ref. 2 for references). (Full curve) Fit to the experimental data using the
expression (3). (Broken curve) Results from R-matrix calculations.2

in Fig. 1) (Refs. 1 and 2) which predict deviations (i.e., saturation) from the exponential increase at high temperatures.
In the R-matrix calculations, the molecules were described as one-dimensional systems (i.e., quasidiatomic
molecules) as depicted in Fig. 2 for the case CF3 Br. The
neutral and the anion potential curves are denoted by V(R)
and U(R), respectively. The most important quantities for the
size of the thermal DEA rate coefficient are the separation R
= RC − Re between the crossing point RC [defined by V(RC )
= U(RC )] and the equilibrium distance Re of the neutral potential and the height of the intermediate barrier EC = V(RC )
− V(Re ). In addition, the vertical attachment energy (VAE)
[defined as the difference U(Re ) − V(Re )], the autodetachment width of the anion system, and the vibrational frequency
ω of the neutral molecule are relevant, especially when the
barrier height EC is not substantially larger than the vibrational quantum ¯ω. Both endothermic and exothermic DEA
processes with intermediate barrier (such as those represented
by Fig. 2) have been treated in Ref. 1. In the endothermic case,
Arrhenius-type behavior was observed and the extracted activation energies were found to be in close agreement with the
reaction thresholds (note that for endothermic cases, k0 = 0).
The question how the molecular parameters, especially
the value of VAE, influence the size of the DEA cross sections has been investigated in detail by Burrow and coworkers.3, 4 For several groups of related molecules (e.g.,
closed-shell chlorinated hydrocarbons), they investigated the
decrease of the DEA peak cross section σ P (VAE) for the first
shape resonance above zero energy with rising vertical attachment energy and rationalized their observations with model
calculations.3 More recently, Gallup et al.4 analyzed absolute
near-zero energy DEA yields of 18 chloroalkane molecules
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FIG. 2. Potential curves relevant for DEA to CF3 Br (for details see Ref. 2).
VAE: vertical attachment energy and EC : classical barrier energy.

in terms of analytical model cross sections. The yields were
obtained by Burrow et al. in electron beam experiments (gas
temperature around 300 K, energy widths around 0.1 eV). Using the fitted cross sections, they determined “integrated half
zero peak cross sections” (which we denote as IBeam ) as well
as thermal rate coefficients kBeam (T ≈ 300 K); the latter agreed
quite well with those from the electron swarm data. For this
series of molecules with VAE values up to about 2 eV, they
found that both IBeam (Fig. 3 in Ref. 4) and kBeam (Fig. 6 in
Ref. 4) exhibited an exponential dependence on VAE, i.e.,


−VAE
,
(4)
IBeam ∝ exp
VI

kBeam ∝ exp


−VAE
.
VK

(5)

From their Figs. 3 and 6, one obtains the values VI
= 192 meV and VK = 198 meV, i.e., the slopes of the two
graphs yield essentially consistent results. Gallup et al. related their observation (4) to the Arrhenius-type dependence
exp[−Eb /(kB T)] (with Eb denoted as “barrier or activation
energy”4 ), and—using T = 300 K—they found
Eb
≈ 0.135.
VAE

(6)

Gallup et al. also carried out simplified calculations of
the quantity IBeam and kBeam by using model potential curves
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FIG. 3. Calculated DEA rate coefficients k(T) for the nine exothermic cases
listed in Table I. The vibrational energy quantum is fixed (43.3 meV) while
the classical barrier energy EC varies from 0 to 741 meV. The open circles
denote the respective rate coefficients at T = 300 K (see Table I).

with varying VAE and found satisfactory agreement with the
experimental dependence on VAE.
More recently, an exponential relationship between the
room-temperature DEA rate coefficient k(T ≈ 300 K) for
about a dozen halogenated hydrocarbon molecules and the associated experimental activation energy Ea was suggested by
Kopyra et al.5, 6 This relation may be written as


−E a
.
(7)
k(T ≈ 300K ) = k1 exp
E0
The prefactor k1 can be interpreted as the electron capture
rate coefficient for strongly attaching molecules with (near-)
zero activation energy (such as CCl4 ) at room temperature
(typical values lying around 3 × 10−7 cm3 s−1 ). It may also be
quantified as the rate coefficient for s-wave electron capture at
T = 300 K which takes values in the rather narrow range (2.8–
3.7) × 10−7 cm3 s−1 when calculated for molecules with typical values of polarizabilities and electric dipole moments.7 In
comparing the experimental data with Eq. (7), Kopyra et al.6
adopted the value k1 = 5 × 10−7 cm3 s−1 , i.e., the rate coefficient calculated for T = 300 K with the maximum reactive
s-wave scattering cross section λ2 /(4π ) (λ = de Broglie wavelength of the electron). In any case—even allowing for variations due to the individual molecular properties—the prefactor k1 is expected to vary rather little as compared to the strong
exponential dependence on activation energy. The slope parameter E0 in Eq. (7) may—in the spirit of Eq. (1)— be simply set equal to E0 = kB 300 K = 25.85 meV, and this was in

fact done by Kopyra et al. (Fig. 2 in Ref. 6). Otherwise, the
value of E0 can be determined from a fit to the experimental
data using Eq. (7).
In this paper we shall try to theoretically justify the relation (7). As experimental database we use critically chosen
rate coefficients at room temperature for a selection of closedshell halogenated hydrocarbon molecules which span a wide
range of activation energies (up to about 0.7 eV).5, 6, 8–27 We
emphasize that for DEA systems with large activation energies rate coefficients at room temperature are very small; thus
they are difficult to measure directly, and impurities in the
molecular sample have to be assessed with great care.
For comparison with the experimental data we calculate rate coefficients with the semiempirical resonance
R-matrix theory for quasidiatomic model systems akin to relevant molecular systems, covering a wide range of activation
energies. Some results are taken from Ref. 1, several others
(in particular for the special case of the CH2 Cl2 molecule) are
added in the present work. The theoretical results are found to
support the exponential dependence of the thermal rate coefficients (T ≈ 300 K) on activation energy. We also discuss the
relation between the quantities Ea , EC , and VAE. Limitations
of the predictive power of these findings are mentioned.

II. RESULTS AND DISCUSSION

In Table I, we summarize important parameters and results of the model R-matrix calculations for exothermic DEA
with intermediate barrier. The (fixed) neutral potential curve
was modeled as that relevant for CF3 Br along the C−Br
stretch mode ν 3 (¯ω = 43.3 meV) (see Fig. 2). The shape of
the anion curve was taken as that shown in Fig. 2; its asymptote for RC−Br → ∞ lies 0.283 eV below the minimum of
the neutral potential. To simulate cases with different values
of the barrier energy EC (and VAE), the anion curve U(R)
was simply shifted by various amounts ρ s —relative to the
case ρ s = 0 shown in Fig. 2—to larger (ρ s > 0) or smaller
TABLE I. Parameters and results of the R-matrix calculations for exothermic DEA cases involving intermediate barriers with different classical barrier heights EC and vertical attachment energies VAE, but fixed vibrational
quantum ¯ω = 43.3 meV (shift model). ρ s denotes the shift of the anion potential energy curve (see text). Ea represents the activation energy deduced
from the exponential slope (around T = 300 K) of the calculated rate coefficients k(T).
ρs
(a.u.)a

VAE
(eV)

EC
(meV)

Ea
(meV)

k(T = 300 K)
(cm3 s−1 )

− 0.34
− 0.12
0.0
0.1
0.2
0.3
0.5
0.6
0.7

0
0.59
1.01
1.45
1.96
2.58
4.15
5.15
6.33

0
71
142
212
289
372
550
644
741

(−15)b
(−3)b
52
109
177
252
419
511
606

2.44 × 10−7
1.33 × 10−7
1.39 × 10−8
1.15 × 10−9
6.92 × 10−11
3.22 × 10−12
3.95 × 10−15
1.12 × 10−16
2.87 × 10−18

a
b

1 a.u. = 0.5291772 × 10−10 m (see also ρ-scale, i.e., upper abscissa, in Fig. 2).
No extended range of exponential behavior; slope evaluated at T = 300 K.
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internuclear distances, as listed in Table I (“anion potential
shift model,” in the following abbreviated as “shift model”).
The surface amplitude (the square of which being proportional to the autodetachment width function) was chosen as
that found adequate in describing DEA to CF3 Br; 2 it was kept
fixed in the calculations. This means that the nonlocal autodetachment width (E,ρ) (Ref. 28) as a function of the electron
energy E and the relative internuclear distance ρ was the same
in all calculations. However, because of the variation of U(ρ)
the effective width was affected as well. To understand this, it
is instructive to consider the width in the local approximation
whereby the argument E of the function (E,ρ) is replaced by
the adiabatic energy U(ρ) − V(ρ).28 This quantity indicates
the electron energy which is most important for a given ρ.
Therefore, when U(ρ) is varied, the effective width is affected
too.
In Fig. 3, we show the calculated dependences k(T) for
nine cases with classical barrier heights EC between 0 and
741 meV. As abscissa, we use the normalized inverse temperature 300 K/T over the range 0.25–6. The open circles in
Fig. 3 denote the rate coefficients for T = 300 K (¯ω/(kB T)
= 1.675). For substantial or large activation energies (EC /¯ω
> 3), the rate coefficients at T = 300 K are located in the
range of temperatures within which Eq. (1) [or the modified
expression Eq. (3)] is a valid approximation for the temperature dependence of k(T). For low barrier heights (i.e., EC /¯ω
< 2), the rate coefficients k(T) are nearly independent of temperature for T > 300 K and decrease weakly to higher temperatures. In this range of EC /¯ω values, the Franck–Condon
factor for the electron capture process is high for the lowest
vibrational level at low electron energies. Correspondingly,
the activation energy is close to zero.
Activation energies Ea were determined from the slope
of the k(T) curves in Fig. 3 around T = 300 K and are listed in
Table I. Equation (1) is a good approximation of k(T) at temperatures around 300 K as long as the barrier EC is sufficiently
high compared to the thermal energy at 300 K (25.85 meV).
For these cases (i.e., for EC > 71 meV in Table I) the values
of Ea are found to be always distinctly smaller than the barrier
energy EC (by amounts between 90 and 135 meV, i.e., much
larger than the vibrational zero-point energy of the neutral
molecule) due to quantum effects including barrier penetration by tunneling. Correspondingly, the ratios Ea /EC —which
rise toward larger EC —stay substantially below unity.
A plot of the theoretically determined values k(T
= 300 K) versus Ea , shown in Fig. 4, exhibits an exponential
dependence and supports Eq. (7) with fitted parameters (unTh
certainties below 1%) k1Th = 1.04 × 10−7 cm3 s−1 and E 0,a
= 24.7 meV. Likewise, a plot of the theoretically determined
k(T = 300 K) values versus the barrier energy EC closely
follows an exponential dependence with a slope parameter
Th
= 27.1 meV. We note that the two slope parameters
E 0,C
Th
Th
differ only little from the thermal energy kB T
E 0,a and E 0,C
= 25.85 meV at T = 300 K.
A plot of k(T = 300 K) versus VAE also shows an overall
Th
= 218 meV),
exponential behavior (slope parameter E 0,VAE
but some of the calculated rate coefficients differ substantially
from the fit curve (by a factor of up to 20). These observations
are in qualitative agreement with those of Gallup et al.4
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The theoretical predictions for the relation k(Ea ) documented in Fig. 4 confirm the behavior which was indicated by the variation of experimental rate coefficients k(T
≈ 300 K) with experimentally determined activation
energies.5, 6 In Fig. 4, we have included rate coefficients for
14 halogenated alkane molecules (represented by open stars)
which were obtained close to room temperature (293–300 K)
with various electron swarm methods. For the cases with high
activation energies, the values k(T ≈ 300 K) were determined
by extrapolation of data taken at higher temperatures (shown
with error bars in Fig. 4). The associated experimental activation energies Ea are either original values or were obtained by
reevaluation of data in the quoted literature. These critically
chosen results5, 6, 8–27 are listed and commented in Table II.
We note that for two molecules included in Table II and
Fig. 4 the DEA reaction at T = 300 K is essentially thermoneutral (CH3 Cl) (Refs. 11 and 25) or even endothermic by
0.17(4) eV (CF3 Cl) (Ref. 21). Since the activation energies
are substantially higher than the endothermicities for these
systems, the temperature dependences of the DEA rate coefficients are dominated by the respective intermediate barrier, and this justifies the inclusion of these molecules into the
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TABLE II. Thermal electron attachment rate coefficients k(T ≈ 300 K) and activation energies Ea for selected molecules. Experimental and theoretical values
are displayed in Fig. 4 according to the listed labels. EDS: electron density sampling; ESR: electron spin resonance; FALP: flowing afterglow Langmuir probe;
MCD: microwave conductivity detector.

Molecule (label)
CCl4 (1)
CHCl3 (2)
CH2 Cl2 (3)

Label Fig. 4
(1)
(2)
(3a)
(3b)

CH3 Cl (4)

CH3 Br (5)

(4a)
(4b)
(5a)
(5b)

CF3 Cl (6)

(6a)
(6b)
CF3 Br (7)
(7a)
(7b)
(7c)
CF2 Cl2 (8)
(8a)
(8b)
(8c)
CHCl2 CH2 Cl (9)
(9a)
(9b)
CH3 CCl3 (10)

CF3 CCl3 (11)
CH2 ClCH2 Cl (12)
CF2 ClCFCl2 (13)

(10a)
(10b)
(11)
(12)
(13a)
(13b)

CH3 CHClCH2 CH3 (14)

k(T ≈ 300 K)
(cm3 s−1 )
3.79(19) × 10−7
3.9(2) × 10−9
−12 b,c
6+11
−4 × 10
−13b,d
×
10
1.8+3.8
−1.3
−12
6.2 × 10
<1.9 × 10−15
−17b,d
1.0+3
−0.8 × 10
−18
4.0 × 10
6.78(27) × 10−12
7 × 10−12
2 × 10−13
5.2 × 10−14
−14b,c
3.0+10
−2.5 × 10
−14b,d
×
10
4.2+8
−3
2 × 10−15
1.6(2) × 10−8
1.6(2) × 10−8
1.2 × 10−8
1.47(21) × 10−8g
1.39 × 10−8
(0.7–5.9) × 10−9
2.2(8) × 10−9g
1.6(4) × 10−9
1.98 × 10−9
3.1(6) × 10−10
3.1(6) × 10−10
3.7(4) × 10−10
1.5(3) × 10−8
1.5(3) × 10−8
3.8(7) × 10−8
2.4(5) × 10−7
2.25(11) × 10−7
4.5(8) × 10−12
1.1(2) × 10−8
1.1(2) × 10−8
3.1(1) × 10−8
2 × 10−15h

Ea
(eV)
≈0a
0.11(1)
0.25(3)c
0.39(3)d
0.252
0.54(2)
0.67(4)d
0.611
0.260(15)
0.249e

0.43(4)c,f
0.406(30)d
0.438
0.080(16)
0.073(8)c
0.075(8)c
0.067(3)g
0.052
0.11–0.195
0.115(6)g
0.126(10)
0.094
0.200
0.18(5)c
0.16(2)
0.130
0.13(3)c
0.09(2)
≈0
0.272(14)
0.110
0.11(3)c
0.08(1)
0.55(2)

Method, reference
Cavallieri EDS, Ref. 9
Drift tube (carrier gas CO2 ), Ref. 11
Flowing afterglow-ESR, Ref. 12
T-variable FALP, Ref. 8
R-matrix calculation, present
MCD, Ref. 13
Electron capture detector, Ref. 14
T-variable FALP, Refs. 8 and 25
R-matrix calculation, Ref. 15
Cavallieri EDS, Ref. 16
R-matrix calculation, Ref. 15
Drift tube, Ref. 18
MCD, Ref. 27
Flowing afterglow-ESR, Ref. 12
T-variable FALP, Ref. 8
R-matrix calculation, Ref. 19
T-variable FALP, Ref. 20
T-variable FALP, Ref. 20
Flowing afterglow-ESR, Ref. 12
Several methods, present fit
R-matrix calculation, present
Several methods, data in Table I of Ref. 22
Several methods, fit in Ref. 21
T-variable FALP, Ref. 8
R-matrix calculation, present
T-variable FALP, Refs. 23 and 26
T-variable FALP, Ref. 23
Drift tube (carrier gas CO2 ), Ref. 5
T-variable FALP, Refs. 23 and 26
T-variable FALP, Ref. 23
Drift tube (carrier gas CO2 ), Ref. 5
T-variable FALP, Refs. 23 and 26
Kondo and Crompton, cited in Ref. 24
Drift tube (carrier gas CO2 ), present
T-variable FALP, Refs. 23 and 26
T-variable FALP, Ref. 23
Drift tube (carrier gas CO2 ), Ref. 6
Drift tube (carrier gas CO2 ), Ref. 5

a

Estimate from data in Ref. 10, see also Ref. 26.
Extrapolated from data at high temperatures.
c
Present evaluation of original data.
d
Due to a more elaborate analysis, the error of Ea was reduced to about 60% of the published value and used to fix the error bar for the extrapolated k(T = 300 K) value.
e
Cited in Braun et al (Ref. 17).
f
Upper limit of 4 × 10−13 cm3 s−1 at 293 K (Ref. 12) not included in Ea fit.
g
Fitted average from several data, using Eq. (3).
h
Upper limit, extrapolated from data at temperatures above 340 K.
b

discussion of “exothermic DEA systems with intermediate
barrier.”
For CF3 Cl the rate coefficient k(T = 298 K)
= 5.2 × 10−14 cm3 s−1 , reported by Fessenden and Bansal,27
supports the extrapolated value of Miller et al.8 and the
result which we obtain by extrapolation of the data in
Ref. 12. We note that in our Ea fit of the data from Ref. 12
we did not include the rate coefficient quoted in Ref. 12
for 293 K (4 × 10−13 cm3 s−1 ) and stated to be
an upper limit. Specific R-matrix calculations have been

reported earlier for DEA to CH3 Cl (Refs. 15 and 29
and 30), CH3 Br (Refs. 15 and 17), and CF3 Cl (Ref. 19).
They yielded activation energies of 0.611 eV,15 0.249 eV,15, 17
and 0.438 eV,19 respectively, in satisfactory agreement with
the experimental results 0.67(4) eV,8, 25 0.260(15) eV,16 and
0.406(30) eV (Ref. 8)/0.43(4) eV (Ref. 12) (see Table II).
For CH3 Cl, we determined an independent estimate Ea
= 0.73(4) eV from the temperature-dependence of the zeroenergy peak in DEA beam experiments of Pearl et al.30 and
a theoretical value Ea = 0.66 eV from an earlier R-matrix
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RATE COEFFICIENT [cm3 s-1]

calculation (model A in Ref. 30); these results are compatible
with the flowing afterglow Langmuir probe (FALP) value of
Miller et al.8, 25
In the case of CH2 Cl2 , two data pairs (k, Ea ) exist,
based on the data of Burns et al.12 and Miller et al.8 (see
Table II) which differ significantly from each other, but the
pairs are both consistent with the general relation between
k and Ea . This molecule is characterized by a large redshift
of the peak in the DEA cross section at 0.43 eV relative to
the VAE value of 1.01 eV (Ref. 3) and exhibits an astoundingly low peak cross section for that band as compared to
those of other molecules with similar VAE.3 In order to shed
some theoretical light on these aspects, we carried out new
R-matrix calculations for the DEA cross section involving
CH2 Cl2 (Ref. 31). We found an activation energy of 0.252 eV,
substantially below the recent FALP value of Miller et al.8
The calculated room temperature rate coefficient amounts to
6.2 × 10−12 cm3 s−1 , much higher than the (extrapolated) experimental value of 1.8 × 10−13 cm3 s−1 (Ref. 8). On the other
hand, the Boston College measurements12 yield an activation
energy [0.25(3) eV] and rate coefficient (6 × 10−12 cm3 s−1 ,
extrapolated to 300 K) in good agreement with the present
calculations. In addition, several earlier measurements (e.g.,
Ref. 27, see also Ref. 32) consistently give a value of the rate
coefficient at room temperature, k ≈ 4.7 × 10−12 cm3 s−1 ,
which is in satisfactory agreement with our calculations.
For the molecule CH2 ClCH2 Cl, new measurements were
carried out with the drift-tube setup in Siedlce which involves a pulsed Townsend technique described in Refs. 5
and 6. Carbon dioxide is used as a buffer gas (pressure of
around 530 mbar) which quickly thermalizes the electron
swarm. CH2 ClCH2 Cl (i.e., 1,2-C2 H4 Cl2 ) was provided by
Sigma-Aldrich (stated purity 99.8%). Special care was taken
to purify the gas inlet and the drift tube. DEA rate coefficients were measured at nine temperatures, ranging from
298 to 378 K. The data are presented as an Arrhenius-plot in
Fig. 5. The slope of the fit curve yields an activation energy of
0.272(14) eV.
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FIG. 5. Arrhenius-plot for the DEA rate coefficients of the molecule
CH2 ClCH2 Cl (1,2-C2 H4 Cl2 ), measured with the Siedlce drift-tube apparatus over the temperature range 298–378 K (open circles). The fit curve yields
the activation energy 0.272(14) eV.

The experimental data in Fig. 4 and Table II are in semiquantitative agreement with the calculated results. We conclude that at least for the considered molecular systems, an exponential relation between the thermal DEA rate coefficients
and the associated activation energies exists, as suggested by
Kopyra et al.5, 6 A fit to the experimental data (weighted by
Exp
the respective error bars of Ea ) with Eq. (7) yields k1 =
Exp
2.72(25) × 10−7 cm3 s−1 and E 0 = 24.9(7) meV. It can thus
be stated that the slope parameter E0 = kB T = 25.85 meV (T
= 300 K) represents a reasonable approximation (within 5%)
for describing the dependence of the thermal rate coefficients
k(T = 300 K) on the activation energy for both the calculated
and the experimental data.
The prefactor k1Th obtained from the calculations is about
2.6 times smaller than that determined from the fit to the experimental data. We judge that this difference has mainly two
origins: (i) all the calculations have been carried out with a
special autodetachment width function, as relevant for CF3 Br.
This width function yields thermal rate coefficients for the
cases with near-zero activation energy (see Fig. 3) which are
significantly below the capture rate coefficient for this case
[k(300 K) = 2.95 × 10−7 cm3 s−1 , calculated with formula
from Ref. 7, using the dipole moment and polarizability of
CF3 Br quoted in Ref. 2]. (ii) The calculations use a simple
one-dimensional model. Coupling of the dissociative mode
with other vibrational modes of lower frequency may lower
the activation energy and/or raise the rate coefficient.
How general are the findings presented in Fig. 4 ? It is
clear that the model calculations incorporate assumptions on
the molecular parameters and on the surface amplitude which
will differ in detail from those appropriate for the real molecular systems. However, the agreement of the rate coefficients,
calculated for several specific molecules using ab initio input
for the molecular parameters (open circles in Fig. 4), with the
trend predicted by the model calculations supports the idea
that the exponential dependence of k(T ≈ 300 K) on the activation energy reflects a general phenomenon associated with
Franck–Condon factors for getting from the initial neutral vibrational state to the dissociating final state in a direct DEA
process.
One can envision that DEA systems which involve the
formation of long-lived anion complexes may show different behavior because in these cases the temperature dependence of the rate coefficients will also depend on the temperature dependent autodetachment time of the anion complex,
on intramolecular vibrational redistribution and on pressuredependent collisional removal of excess energy. DEA reactions have in fact been reported which do not display the Arrhenius behavior indicated in Fig. 4. Notable exceptions have
been found for sulfur compounds. The attachment rate coefficient for SF5 Cl (yielding mainly the product SF5 − ) has
been measured to be temperature independent (300–550 K,
within experimental uncertainty) at 5 × 10−8 cm3 s−1
(Ref. 33) [we note that Mayhew et al.34 measured a lower
rate coefficient of 2.0(3) × 10−8 cm3 s−1 in an atmospheric
pressure of CO2 buffer gas at 300 K]. DEA for several other
SF5 -containing compounds (SF5 C6 H5 , SF5 C2 H3 , S2 F10 , and
SF5 Br) may have very small rate coefficients accompanied
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by small Ea values.35 Data for sulfur oxyhalides have shown
molecules which fit to the present picture (SO2 FCl, SOCl2 )
and those which do not (SO2 Cl2 , SO2 F2 , SOF2 ).36
Another rather special example for non-Arrhenius behavior is offered by the chlorine molecule. For symmetry reasons, s-wave electron attachment is forbidden in the
low-energy region which is dominated by the Cl2 − (2 u + )
resonance.37 Therefore, attachment proceeds via p-wave attachment which—in combination with the relevant Franck–
Condon factors for the neutral to anion transitions—yields
a DEA rate coefficient k(T) which rises with increasing
temperature in a non-Arrhenius-type fashion over the range
200–1100 K (Ref. 38).

III. CONCLUSIONS

Calculations of temperature-dependent rate coefficients
k(T) for exothermic DEA processes involving a barrier on the
path toward dissociation have been carried out with the aim
to theoretically justify experimental observations on an exponential relation between the value of thermal (T ≈ 300 K)
DEA rate coefficients and the associated Arrhenius activation energy Ea . The results of both model R-matrix calculations involving a simple anion potential shift model (activation energies between 0 and 0.61 eV) and of R-matrix calculations for specific molecules (including CF3 Br, CF2 Cl2 ,
CH3 Br, CH2 Cl2 , CF3 Cl, CH3 Cl) closely follow the exponential relation k(T = 300 K) ∼ exp(−Ea /E0 ) with a slope parameter of E0 = 24.7 meV which is close to the thermal energy
(25.85 meV at 300 K) and in satisfactory agreement with the
slope parameter [24.9(7) meV] of an exponential fit to critically assessed experimental data pairs [k(T = 300 K), Ea ]
for 14 closed-shell molecules (halogenated alkanes, mainly
methane and ethane derivatives). New reliable measurements
of such data pairs, especially for molecules with high activation energies, are desirable to further test the relation between
the size of the thermal DEA rate coefficient and the associated Ea value. Moreover, a better understanding of those cases
which deviate from the exponential relation between k and Ea
is needed.
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